1. The influence of a low-energy diet when associated with high-cholesterol intake was investigated in seventeen normal men during an 8-week cross-over study. The subjects were given a daily supplement of two whole eggs and two egg yolks (approximately 1 g cholesterol) either with their usual diet for 4 weeks or with a low-energy diet for 4 weeks. Each subject took part randomly in both dietary periods.
Among the various risk factors involved in the development of cardiovascular disease, the diet is thought to be an important determinant. Special attention has been paid towards the amount and the nature of dietary lipids. Conflicting information has been obtained concerning cholesterol intake. Some studies indicate no consistent effect on plasma cholesterol (Slater et al. 1976; Kummerow et al. 1977; Porter et al. 1977; Flynn et al. 1979; Flaim et al. 1981) while others showed increased plasma cholesterol levels following cholesterol-rich diets (Beveridge et al. 1960; Mattson et al. 1972; Applebaum-Boyden er al. 1979; Tan et al. 1980; Mistry et al. 1981; Roberts et al. 1981; Schonfeld et al. 1982; Cole et al. 1983) . In fact this controversy could be related to the variable response to increased dietary cholesterol. Taken together the results show the existence of 'responders' and 'non-responders ' to dietary cholesterol. The ability to compensate for increased dietary cholesterol was seen to be related to the suppression of endogenous synthesis (Quintao et al. 1971 ; Nestel & Payser, 1976; Lin & Connor, 1980 ) more than to individual differences in intestinal absorption.
Several studies focused on the role of other associated factors such as saturated and polyunsaturated fats. The effect of dietary cholesterol could be enhanced by diets rich in saturated fats (Bronsgeest-Schoute et al. 1979) while it was decreased by diets with a high polyunsaturated: saturated fatty acids ratio (Schonfeld et al. 1982) .
From previous animal studies we suggested that dietary restriction may be an additional risk factor. Experiments carried out in rabbits (Lacombe et al. 1983 ) and in rats (Corraze et al. 1982a ) demonstrated that the effect of a cholesterol-rich diet could be markedly enhanced when associated with dietary restriction. In both species, the additional hypercholesterolaemia was characterized by expansion of the P-very-low-density lipoproteins (VLDL) (Lacombe et al. 1983; Corraze et al. 1985a) . These results showed the existence of an interaction between dietary cholesterol and energy deficiency resulting in increased plasma cholesterol. The fact that this phenomenon was observed in a species susceptible to, as well as in one highly resistant to hypercholesterolaemia and atherosclerosis, raised the question of the situation in humans.
The adverse effect of dietary restriction was rather unexpected since it is generally assumed that plethoric diets are a major cause in the development of obesity and maturity-onset diabetes, which are both associated with abnormalities in plasma lipoprotein patterns (Avogaro et al. 1978; Barrett-Connor et al. 1983) . In contrast, weight loss was shown to reduce plasma cholesterol and triglyceride concentrations in obese subjects (Bolzano et al. 1979; Hendrikx et al. 1979; Taskinen & Nikkila, 1979; Schouten et al. 198 1 ; Wechsler et al. 1981; Wolf & Grundy, 1983; Zimmerman et al. 1984) . In these studies the lipoprotein pattern improved following weight reduction although some controversial results have been obtained for the high-density-lipoprotein (HDL) cholesterol level. Nevertheless, the effect of low-energy diets was studied only in obese subjects and the results could be different in normolipidaemic individuals. In fact Bolzano et al. (1979) and Hendrickx et al. (1979) reported that plasma cholesterol concentration increased in normolipidaemic subjects during fasting while it decreased in hypertriglyceridaemic subjects.
The present study was undertaken in order to investigate the existence of the adverse effect of low-energy diets when associated with high-cholesterol intake in humans as previously demonstrated in animals (Lacombe et al. 1983; Corraze et al. 1985~) . This was carried out by a cross-over study in normal subjects living in a religious community.
METHODS

Subjects
The present study was carried out on a community of monks in order to obtain a relatively homogeneous group concerning their diet before the experiment, their physical activity and their way of life. In addition, in a community, dietary supervision was easier. Seventeen healthy men, without regular therapy, participated in the study. Informed consent was obtained from each subject before initiating the experiment and the study protocol was approved by the Human Ethics Committee. They were assigned randomly to two groups but several renunciations during the experiment resulted in a smaller size of group 2.
Details of individual age, body mass index and plasma lipid concentrations are given in Table 1 . Information concerning cigarette smoking and regular physical activity are also included. All subjects were within the normal body mass index range (Keys et al. 1972 ) and most of them had normal plasma cholesterol and triglycerides. Four subjects had plasma cholesterol near or above 2.2 g/l and only one had a triglyceride concentration in excess of 1.5 g/l. The two groups were compared using Student's t test. In spite of a relatively higher level of plasma triglycerides in group 1 the difference was not significant. The other indices showed no significant differences between groups. 
Dietary restriction and hyperchoiesterolaemia
Diet
The study was run on a cross-over basis over a period of 8 weeks. The volunteers were given a daily supplement of two whole eggs and two egg yolks (approximately 1 g of cholesterol) either with their usual diet or with a low-energy diet. Each subject took part randomly in both dietary periods. In group 1, ten subjects started with their usual diet supplemented with four eggs/d during the first 4 weeks, and then changed to the egg-supplemented low-energy diet for 4 additional weeks. The dietary periods were reversed in group 2 (seven subjects). All subjects continued their normal daily activities.
The basal food consumption was evaluated for each subject from a 7 d food recall. The low energy diet, with a 30% reduction of the energy intake, was then calculated individually. The diets are described in detail in Table 2 . Throughout the experimental period, dietary supervision was led by a dietitian.
Lipid analysis
Changes in body-weight and in plasma lipid content after overnight fasting were determined weekly during the course of the study and additional analysis was performed 7 weeks after the end of the study. Lipids were assayed by enzymic procedures: Boehringer C system for total cholesterol, Behring Testomar for triglycerides and Biomerieux PAP 150 for phospholipids.
Detailed lipoprotein analysis was carried out before and after each period of dieting. Venous blood samples were collected after overnight fasting, in vacutainer tubes containing EDTA (1 mg/ml). Plasma was then separated and sodium azide (0.2 g/l) added. Plasma apo B (Sievet-Desrumeaux et al. 1979) and apo A1 (Sievet-Desrumeaux et al. 1980) were measured by immunonephelometry with Hyland Travenol reagents. The lipoprotein profiles were obtained by means of density-gradient ultracentrifugation according to A. Mougin-Schutz (personal communication). The discontinuous gradient of potassium bromide was prepared by layering the following solutions: 0.5 ml, d 1.24; 2.5 ml, d 1.21 (containing the plasma sample); 2.5 ml, d 1.063; 2.5 ml, d 1.040; 2.5 ml, d 1.018; 1 ml, d 1.006. Ultracentrifugation was performed at 284000 g at 15" for 24 h in a Beckman SW41 rotor and L5-65 ultracentrifuge.
The gradients were then fractionated into 0.5 ml volumes in which the total cholesterol was determined. Overall recovery of cholesterol was 98.9 (SE 0.86)% (range 85-113%). Values for the VLDL, low-density-lipoprotein (LDL) and HDL cholesterol were calculated and adjusted to 100% recovery, assuming identical percentage loss for all fractions. The pure fractions of VLDL, LDL and HDL, checked by agarose gel electrophoresis (Noble, 1968) , were pooled and analysed for their composition after 24-h dialysis against 0.15 Msodium chloride. Total cholesterol, triglycerides and phospholipids were measured as described above. Free cholesterol was determined using Boehringer reagent, and proteins were measured according to Lowry et al. (1951) .
Statistical analysis
Student's paired t test was used to assess statistical significance of the difference between the various periods of the dietary treatments.
R E S U L T S
As shown in Fig. 1 , all subjects exhibited consistent weight reduction (range 1.34.5 kg) over the low-energy diet period, indicating excellent adherence to the diet. The weight reduction was similar in groups 1 and 2; nevertheless, it can be noted that in group 2 the initial weight was not completely recovered by the end of the study. Changes in the plasma cholesterol level are presented in Fig. 2 . During the first 4 weeks of the study, no changes appeared with egg supplementation of the usual diet (group 1). In contrast, a significant increase in plasma cholesterol was observed when the consumption of four eggs daily was associated with a low-energy diet (group 2). There was marked variation between subjects in the plasma cholesterol response and it appears that some and of egg-supplemented low-energy diet (---). *t Mean values were statistically significantly different from those for 0 and 4 weeks respectively (P < 0.05). Fig. 2 . Individual changes in plasma cholesterol in groups 1 and 2 during the periods of egg-supplemented usual diet (-) and of egg-supplemented low-energy diet (----). *Mean value was statistically significantly different from that for 0 weeks (P < 0.05). individuals could be extremely susceptible to this dietary treatment. Thus in this study one subject exhibited an increase of plasma cholesterol from 2.15 to 3.29 g/1 after 1 month on the egg-supplemented, low-energy diet. This increase in plasma cholesterol observed in group 2 became almost normalized in the second part of the study when the subjects returned to their usual energy ration. In the subject who appeared the most susceptible, the plasma cholesterol showed a rapid decrease as early as the 1st week on changing the energy intake, in spite of continuing the consumption of four eggs daily.
In group 1, the interaction between egg supplementation and weight reduction was completely modified by previous adaptation to a high-cholesterol intake. Thus in this group most of the subjects showed a decrease in plasma cholesterol with the low-energy diet although it was not significant (Fig. 2) .
In both groups, no marked changes appeared in the plasma triglyceride concentration (Fig. 3) . Only two subjects of group 1 who had a high basal level exhibited a decrease in plasma triglycerides following weight reduction.
As shown in Fig. 4 , the dietary treatment had no consistent influence on the total plasma phospholipids.
Changes in the distribution of cholesterol between the various lipoprotein fractions obtained after density gradient ultracentrifugation are shown in Fig. 5(a and b) and illustrate the profiles from two subjects of group 1. In this group, egg supplementation of the usual diet induced a slight increase in VLDL cholesterol. When the plasma cholesterol was consistently increased (2.08 to 2.55 g/l) (Fig. 5(b) ) it should be noted that all fractions were increased, especially the HDL in the density range of HDL2. In the same group the VLDL cholesterol was normalized after weight reduction.
In group 2 (Fig. 5 ( c and d ) it appeared that the increase in plasma cholesterol corresponded to increased LDL cholesterol, which could be accompanied by an elevated level of VLDL cholesterol as in Fig. 5 (c) . The lipoprotein profile almost returned to normal after reversal to the usual energy intake.
Individual variations in the various lipoprotein fractions are shown in Figs. 6, 7 and 8. In group 2 changes in LDL cholesterol were parallel to those of plasma cholesterol with an increase following the low-energy diet and normalization after body-weight recovery (Fig. 6) . Changes in VLDL cholesterol were similar although not significant. (Fig. 7) . In this group no significant changes were observed in HDL cholesterol (Fig. 8) .
The opposite effect was shown when the low-energy diet was given after previous adaptation to the intake of four eggs/d (group 1). With this dietary regimen the anomalies induced by egg supplementation disappeared with the low-energy diet. Thus half the subjects presented an increase in VLDL cholesterol accompanied by a decrease in HDL cholesterol following the first part of the diet (Figs. 7 and 8 ). This was completely normalized after weight reduction. In addition most subjects showed a slight decrease in the LDL cholesterol after weight reduction (Fig. 6) .
The changes in lipoprotein composition are shown in Tables 3 and 4 . Modifications mainly appeared in the LDL and HDL fractions. The LDL in particular were enriched in cholesterol esters at the expense of decreased protein and triglyceride contents. This appeared as early as the 1st month of egg consumption whatever the energy intake. In both groups the HDL also exhibited an enrichment in cholesterol esters which was accompanied by an increase in phospholipid content.
The increase in LDL cholesterol observed in group 2 after the egg-supplemented low-energy diet was not associated with significant changes in the level of plasma apo B, indicating that the increase corresponded to an enrichment in cholesterol of the lipoprotein particles (Fig. 9) . In contrast the decrease of LDL cholesterol in group 2 and of VLDL cholesterol in group 1, which appeared in the second part of the diets (weeks 4-8), were accompanied by a decreased level of plasma apo B (Fig. 9) . No significant changes were observed in the level of plasma apo A1 (Fig. 10) .
The levels of plasma lipids, cholesterol, triglycerides and phospholipids, measured after an overnight fast 7 weeks after the end of the study were not different from the initial values. . Individual changes in very-low-density-lipoprotein (VLDL) cholesterol in groups 1 and 2 during the periods of egg-supplemented usual diet (-) and egg-supplemented low-energy diet (----). and egg-supplemented low-energy diet (-----). t Mean value was statistically significantly different from that for 4 weeks (P < 0.05). *t Mean values were significantly different from those at 0 and 4 weeks respectively (P < 0.05).
$ Egg-supplemented usual diet for 4 weeks, then egg-supplemented low-energy diet for 4 weeks. *t Mean values were significantly different from those at 0 and 4 weeks respectively @ i 0.05).
1 Egg-supplemented low-energy diet for 4 weeks, then egg-supplemented usual diet for 4 weeks. and egg-supplemented low-energy diet (-----). *t Mean values were statistically significantly different from those for 0 and 4 weeks respectively (P < 0.05). 
DISCUSSION
High cholesterol intake provided by four eggs/d had no significant effect on plasma cholesterol when associated with the usual diet; only one subject exhibited a clear increase. This confirms previous studies which showed a wide range of response to increased dietary cholesterol. In the ' responders', the increase in plasma cholesterol corresponds to a concomitant increase in LDL and HDL, (Tan et al. 1980; Mistry et al. 1981; Schonfeld et al. 1982; Cole et al. 1983 ). In addition, several studies report the appearance of HDLc (Mahley et al. 1978; Cole et al. 1983) . In the present study we also observed an increase in HDL,, accompanying that of the other fractions, in the subject who responded to high-cholesterol intake. In the same group (group 1) a slight increase in VLDL cholesterol accompanied by a decrease in HDL cholesterol were observed in several subjects but the changes were not significant. In contrast, the low-energy diet markedly decreased the tolerance to dietary cholesterol, resulting in increased plasma cholesterol, when changing from a diet relatively poor in cholesterol to a high-cholesterol intake. The associated changes in lipoprotein profile are characterized by an increase in atherogenic lipoprotein fractions, VLDL and principally LDL, while no changes appeared in the level of HDL.
These results confirm our previous observation concerning the adverse effect of dietary restriction in the rabbit (Lacombe et al. 1983) and in the rat (Corraze et al. 1985~) . Nevertheless it should be noted that in humans the main increase in cholesterol appeared in the LDL fraction while in the rabbit, as in the rat, the excess in circulating cholesterol induced by dietary restriction was carried essentially by the VLDL. In fact these results are not conflicting since several studies of the time course of changes in the various lipoprotein fractions as a function of the level of plasma cholesterol have shown that the increase in cholesterol appears first in the LDL and then in the VLDL fractions (Brattsand, 1976; Scholz et al. 1982) . In the present experiment only a moderate increase in plasma cholesterol appeared compared with our previous experimental studies in animals.
An interesting observation was the wide range of variation between individuals in response to associated high-cholesterol intake and weight reduction. In the group which took part in this study we observed the existence of ' high-responders' and ' low-responders'. Furthermore, plasma cholesterol almost returned to normal as early as the 1st week after changing from the low-energy diet to the usual energy intake, especially in the subject who appeared the most susceptible. This clearly indicates the involvement of weight reduction in the increase in plasma cholesterol observed during the first part of the diet.
The mechanisms responsible for the adverse effect of dietary restriction when associated with the cholesterol-rich diet are under investigation in the rabbit. The results obtained so far indicate that the excess in circulating cholesterol is of dietary origin, since endogenous cholesterol synthesis is almost completely inhibited (Corraze et al. 1985b ) but it does not result from more effective intestinal absorption (Corraze et al. 1984) . Additional information shows that the abnormal VLDL which accumulates is hepatogenous lipoprotein (Corraze et al. 1985~) . Our studies are currently focused on VLDL metabolism.
The interaction between dietary cholesterol and weight reduction was completely different when the dietary regimens were reversed as in group 1. In this case weight reduction improved the lipoprotein pattern, with a decrease in VLDL cholesterol and an increase in HDL cholesterol. This confirms the results obtained in several studies on obese subjects where the lipoprotein pattern was seen to be improved after acute weight reduction (Bolzano er al. 1979; Hendrikx et al. 1979; Taskinen & Nikkila, 1979; Schouten et al. 1981; Wechsler et al. 1981; Wolf & Grundy, 1983; Zimmerman et al. 1984) . Nevertheless the possible existence of another type of response was suggested by careful analysis of these results. In fact the direction of changes was clearly related to the initial level and in normolipidaemic individuals the plasma triglycerides and cholesterol were increased by fasting whereas they decreased in fasting hyperlipidaemic subjects (Bolzano et al. 1979; Hendrikx et al. 1979) . Similarly, in the present study, the direction of changes was also related to the basal plasma lipids since the beneficial effects of dietary restriction appeared only after a previous period of high-cholesterol intake which had resulted in slight disturbances in the lipoprotein pattern.
Thus there are two types of response to weight reduction which could be related to the previous plasma lipid level. The possible existence of great susceptibility to high-cholesterol intake and a low-energy diet calls for special attention to be paid to the cholesterol content of low-energy or 'slimming' diets. Various 'slimming' diets were recently analysed (Pi-Sunyer, 1982 ). It appears that some diets, especially the Atkins (1972) and the Stillman & Baker (1967) diets which are very famous, are rich in cholesterol. Although these two diets represent excessive situations, in low-energy diets it is generally advised to preserve the intake of foods rich in proteins such as meat, eggs and fish, which also contain variable amounts of cholesterol, resulting in situations very close to our experimental conditions. Thus in the light of our results, we think that it would be generally better to reduce the consumption of animal products when following a ' slimming' diet.
An additional argument results from the fact that the appearance of abnormal LDL is observed following egg supplementation of the diet, whatever the energy intake, and cholesterol-rich lipoproteins are known to be atherogenic. Studies on cultured smooth muscles cells show that the LDL isolated from hypercholesterolaemic animals stimulate cell proliferation (Fless et al. 1982) and intracellular cholesterol accumulation (Mahley et al. 1977; St-Clair et al. 1978 Eisele et al. 1980 ). In addition a positive correlation has been found between the cholesterol ester content of the LDL and the severity of atherosclerosis in monkeys (Rude1 et aE. 1979, 1981) .
In conclusion, the results confirm the existence in humans of an interaction between weight reduction and high-cholesterol intake. The hyperchoiesterolaemic effect of egg supplementation is revealed in the case of low-energy diets. Nevertheless the opposite effect of weight reduction is observed with previous adaptation to high cholesterol intake. Thus the present study indicates that the effect of one factor depends not only on other associated factors but also on the dietary regimen. The authors wish to express their deepest gratitude to the volunteers for their participation in this study. The technical assistance of G. Molinier and J. Rolland is also gratefully acknowledged.
